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improvement programmes, can go a long way towards the objectives of breed improvement and efficient nutrient utilization. Considering these facts, the present study was therefore designed to investigate the performance of Sahiwal calves divergently selected for low and high RFI. The hypothesis of the present study is that RFI was related to feed efficiency and performance, and that differences exist between calves with divergent RFI.
Materials and methods
The use of the animals and the experimental procedure was approved by the Institutional Animal Ethics Committee (IAEC) constituted as per the Article 13 of the rules of the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA), laid down by the Government of India (approval no. 110/ IAEC/16).
Experimental design and animal management. Eighteen growing female Sahiwal calves were selected from the herd maintained at Livestock Farm Complex (ILFC), DUVASU, Mathura, India. The calves were fed ad libitum on a TMR based diet consisting of a concentrate mixture: green oat fodder: wheat straw in the proportion of 50: 20: 30 (DM basis) for a period of 90 d, based on the recommendations of ARCHER et al. (1997) for the optimum test duration for measuring RFI. TMR was prepared daily by hand mixing separately for each calf, and contained 12.80% crude protein (CP), 57.20% total digestible nutrient (TDN) and 2.16 Mcal metabolizable energy (ME)/kg DM (Table 1) . Two daily meals of TMR were offered at 09:00 h and 18:00 h in all tests. The calves were fed the TMR in such an amount that at least 1 kg residual were left daily per calf. Fresh drinking water was offered ad libitum twice daily at 08:00 h and 17:00 h. A collection period of 6 d was conducted at the end of the study. TMR offered and residual left were sampled daily for chemical analysis. Faeces excreted over 24 h were collected and measured daily for 6 d.
Observation recorded. The experimental calves were monitored daily for dry matter intake (DMI) and fortnightly for growth performance, feed efficiency measures and ingestive behavior. Feed offered and residual left were weighed daily, sampled twice per week, and pooled to represent each period of 90 d for DM determination. DMI was calculated as the difference between the amount offered and residual left. To increase the accuracy of the estimation of average daily gain (ADG), calves were weighed at fortnightly intervals in the early morning (06:00 h) before being offered feed and water. Along with RFI, calves were also monitored fortnightly for FCR (feed-to-gain-ratio), FCE (gain-to-feed-ratio), Kleiber ratio (KR), partial efficiency of growth (PEG), body condition score (BCS) and relative growth rate (RGR). KR was calculated as the ratio between ADG and the average metabolic body weight; PEG was calculated as the ratio between ADG per unit of feed used for growth (NRC, 2001) . The BCS of the experimental calves was scored as per the five point scale given by ANITHA et al. (2005) , and RGR using the equation described by FITZHUGH and TAYLOR (1971) :
In the middle of the study, ingestive behavior was determined by monitoring the calves for feeding, chewing, rumination, idleness, standing and lying. The behavioral , the total duration of these activities was divided by the total amount of feed consumed. Determination of ADG, RFI and ME. ADG was determined using the linear regression coefficient of weights as a function of days in the trial, according to ARCHER et al. (1997) :
where: y i is the calves' bodyweight in the i th observation, α is the intercept of the regression equation corresponding to the initial body weight, β is the linear regression coefficient corresponding to ADG, DIT i is the days in trial on the i th observation and e i is the random error. Mid-test metabolic body weight (MBW) was calculated using the following equation:
where, α is the intercept of the regression equation corresponding to the initial body weight and β is the linear regression coefficient corresponding to ADG. The calves were classified into low (negative) and high (positive) RFI groups. RFI was calculated using the following formula:
RFI (kg/d) = Actual DMI (kg/d) -Predicted DMI (kg/d) The amounts of DM offered and residual left were measured daily, and the actual DMI was calculated by the difference. The predicted DMI of each individual calf was calculated using the multiple regression model:
where, Y j is the predicted DMI of the j th animal, β 0 is the regression intercept, β 1 is the regression coefficient of MBW, β 2 is the regression coefficient of ADG, e j is the uncontrolled error of the j th animal. ME requirements were calculated as per the NRC (2001) (AOAC, 2005) . Neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined according to the method of VAN SOEST et al. (1991) . Ca and P content were determined by the titration method (TALPATRA et al., 1940) and spectrophotometric method, respectively.
Peripheral blood samples were collected in heparinised vacuutainer tubes (BD Franklin, USA) at the start, middle and end of the study. Immediately after collection, the tubes were kept in ice, transported to the laboratory and centrifuged at 1200 g at 4 °C for 20 min to separate the plasma from the packed erythrocytes. Plasma samples were stored at −20 °C until further analysis of blood metabolites and hormones. Plasma levels of IGF-1 and GH were determined using bovine specific "IGF-1 (Catalog no. E0016Bo)" and "GH (Catalog no. E0017Bo)" ELISA Test Kits (Bioassay Technologies, Shanghai, China). Plasma levels of total protein, albumin, PUN, creatinine, glucose, triglycerides, cholesterol, Ca and P were determined colorimetrically by an automated biochemical analyzer (BS-120 Chemistry Analyzer, Shenzhen Mindray Biochemical Electronics Co. Ltd.) using Autospan liquid Gold test kits. The copper soap solvent extraction method, modified by SHIPE et al. (1980) , was adopted for estimation of plasma NEFA concentration. BHBA was analyzed by the distillation method described by WEICHSELBAUM and SOMOGYI (1941) .
Statistical analyses. The data were analysed for significance and correlation coefficient (r) using the Statistical Package for the Social Sciences (SPSS for Windows, V21.0; SPSS Inc., Chicago, IL, USA). Significance was analysed using one way analysis of variance (ANOVA). An alpha level of 0.05 was used for determination of statistical significance. A greater (r>0) or lower (r<0) than zero value of the Pearson square correlation coefficient (r) shows a positive or negative correlation between RFI and attributes whereas, a zero (r = 0) value of the Pearson square correlation coefficient shows no correlation between RFI and attributes.
Results
Performance and nutrient digestibility. Significant differences (P<0.05) between low and high RFI calves were observed for feed intake, with low RFI calves consuming 26% less DM than the calves in the high RFI group (Table 2) . The difference in observed and required DMI (RFI) was on average 0.17 kg/d and −0.27 kg/d in the low and high RFI groups, respectively. The least efficient calf consumed 0.930 kg DM/d more feed than the most efficient calf. Out of 18 calves, the observed DMI of eleven calves was lower than the expected DMI (negative or low RFI), whereas that of the remaining seven calves was higher than the expected DMI (positive or high RFI) ( Fig. 1) . ADG was statistically similar among low and high RFI calves. The total ME intake observed and ME used for body maintenance (MEm) were significantly higher (P<0.001) in high RFI calves than low RFI calves (Table 2) but the MEg observed in low and high RFI calves were similar.
Significant differences (P<0.05) between low and high RFI calves were observed for nutrient digestibility. Digestibility of DM, CP and NDF in low RFI calves was 7,5 and 6% higher compared to high RFI calves (Table 2) .
In this study, medium to high positive correlations were observed among RFI and DMI (r = 0.756), MEm observed (r = 0.767) and MEg observed (r = 0.417), while the correlation with ADG (r = 0.191) was weak. The correlation between RFI and nutrient digestibility was weak to medium.
Feed efficiency measures and ingestive behavior. Calves in the low and high RFI group showed significant differences in FCR (P = 0.002), FCE (P = 0.002), KR (P = 0.004) and RGR (P = 0.013), however no significant differences between groups were observed for BCS (P = 0.153) and PEG (P = 0.995) (Table 3) . RFI showed a significant (P<0.05) negative correlation with FCE (r = -0.668), KR (r = -0.645), RGR (r = -0.575) and a positive correlation with FCR (r = 0.670), PEG (r = 0.019) and BCS (r = 0.351). RFI -residual feed intake; SEM -standard error of mean; FTDM -feeding time kg -1 dry matter; RTDMrumination time kg -1 dry matter; CTDM -chewing time kg-1 dry matter Significant differences between low and high RFI calves were observed for most of the ingestive behavior variables studied (Table 3) . High RFI calves consumed more feed than more efficient (low RFI) calves, and therefore spent more time in feeding (P = 0.039), rumination (P = 0.047) and chewing (P = 0.036). The time of activity spent on the diet i.e. FTDM and CTDM (min/kg DM) was significantly (P<0.05) higher in low RFI calves compared to high RFI calves. Low RFI calves spent more (P = 0.035) time resting (idleness) than less high RFI calves. RFI showed a positive correlation with FT (r = 0.134), RT (r = 0.229) and CT (r = 0.134) but a negative correlation with TI (r = -0.231). The correlation between RFI and time of activity spent on the diet was medium to high, including -0.619 with FTDM, -0.593 with RTDM and -0.394 with CTDM.
RFI and plasma metabolites. Analysis of plasma metabolites showed higher concentrations of IGF-1 (P = 0.028), GH (P<0.001) and creatinine (P = 0.013) in low RFI calves compared to high RFI calves (Table 4 ). In contrast, lower concentrations of A. K. Singh et al.: Efficiency of calves varying in RFI albumin (P<0.001), PUN (P = 0.031) and triglycerides (P = 0.045) were observed in low RFI calves compared to high RFI calves. No significant (P>0.05) differences between low and high RFI groups were observed for other studied blood metabolites. The RFI was negatively correlated with IGF-1, GH, total protein, PUN, creatinine, glucose, and BHBA and positively correlated with albumin, cholesterol, triglycerides, NEFA, Ca, and P concentration. well with the 19% differences in the Murrah buffalo calves divergently selected for low (-0.14 kg/d) and high RFI (0.14 kg/d), with no difference in body weight gain (SHARMA et al., 2016) . NASCIMENTO et al. (2015) noted that low RFI (≤0.128 kg/d) Nellore cattle consumed 7.2 kg DM/d, which was 14.0% less feed than animals with high RFI (>0.135 kg/d), although no significant differences in ADG were observed among RFI classes. A 10% reduction in DMI by the low RFI Murrah buffalo calves compared to high RFI (-0.20 vs. 0.23 kg DM/d), despite no differences in body weight gain, was reported by BOSE et al. (2014) . Accordingly, no differences in ADG were detected between Sahiwal calves of low and high RFI despite high RFI calves consuming 19.6% more feed than low RFI calves . Results of low DMI in more efficient animals were also found by BONILHA et al. (2013) , who detected a difference of 0.656 kg/d between low and high RFI Nellore animals with similar body size and growth rate. FITZSIMONS et al. (2014) observed similar ADG among low and high RFI heifers (-0.43 vs. 0.44 kg/d), even though high RFI beef heifers consumed 16% more feed DM than low RFI heifers. Other studies also reported lower feed intake and similar growth rate in low RFI animals than high RFI animals (KELLY et al., 2010; SMITH et al., 2010; SOBRINHO et al., 2011; STEYN et al., 2014) . In this regard, CRUZ et al. (2010) , BONILHA et al. (2013) , NASCIMENTO et al. (2015) and SHARMA et al. (2016) reported a positive correlation between RFI and feed intake, whereas the correlation between RFI and body weight gain was 0. The lower feed intake in the low RFI group without alteration in growth rate indicated that these Sahiwal calves were more efficient in utilizing feed nutrients for tissue growth as a result of the higher metabolizability of the consumed feed.
RFI takes into account the energy requirements for maintenance and production, and is more sensitive to variations in the individual energy efficiency of the animals (DITTMAR, 2007) . More efficient calves (low RFI) required 35% less MEm compared to less efficient calves (high RFI), despite no difference observed for MEg between the two groups. SHARMA et al. (2016) observed 12.5 vs. 16.7 MJ/d MEm and 7.5 vs. 7.9 MJ/d MEg, respectively in low and high RFI Murrah buffalo calves, which is in accordance with the findings of our study. BOSE et al. (2014) previously reported that more efficient calves had lower ME requirements for body maintenance than the less efficient calves whereas, the ME required for gain was similar between the two groups. Lower energy requirements for body maintenance in more efficient animals were also reported by JOHNSON et al. (2003) , PITCHFORD (2004) and . The differences in feed intake between animals could affect RFI status because as feed intake increases, the amount of energy needed for digestion also increases, thereby increasing the maintenance requirement . Differences in energy expenditure associated with physical activity and feeding pattern accounted for 10 and 2%, respectively, of the variations in energetic efficiency (HERD and ARTHUR, 2009).
A. K. Singh et al.: Efficiency of calves varying in RFI
The digestibility coefficients for the majority of the nutrients were higher for the low RFI group as compared to the high RFI group, except for CP and EE, which were similar in all the groups . NKRUMAH et al. (2006) observed 6% higher apparent digestibility of DM in the low RFI group than the high RFI group, indicating that animals with low RFI are more efficient in nutrient utilization than those with a high RFI. RICHARDSON et al. (2001) observed digestibility estimates in growing cattle divergently selected for low and high RFI after one generation. When fed roughage-based diets, low RFI bulls and heifers tended to have higher digestibility compared to the high RFI bulls and heifers. However, similar nutrient digestibility between low and high RFI animals was observed by CRUZ et al. (2010 ), BISITHA et al. (2014 ), BOSE et al. (2014 and SHARMA et al. (2016) , which might be due to the closer variation in RFI between groups with low and high RFI.
Feed efficiency measures and ingestive behavior. The better feed efficiency in low RFI calves compared to high RFI calves have also been shown through traditional measures of feed efficiency. Low RFI animals showed greater residual weight gain, residual intakeweight gain, feed efficiency, and PEG, as well as lower FCR, than animals with medium and high RFI, respectively (NASCIMENTO et al., 2015) . BOSE et al. (2014 and SHARMA et al. 2016 also noted better FCR in low RFI animals than high RFI animals. BASARAB et al. (2003 ), NKRUMAH et al. (2006 ), and KAYSER and HILL (2013 found differences of 9%, 18%, and 17%, respectively, in FCR between animals classified as low RFI and high RFI. KELLY et al. (2014) observed a negative correlation between RFI and FCE, but not with ADG, KR, or RGR. A weak positive correlation of 0.12 between KR and RFI was estimated, as well as a strong negative correlation of -0.64 between KR and FCR (STEYN et al., 2014) . The correlation between RFI and FCR was estimated to be 0.67, which is similar to previously published estimates, ranging from 0.57 to 0.85 (ARTHUR et al., 2001a (ARTHUR et al., , 2001b NKRUMAH et al., 2004; VAN DER WESTHUIZEN et al., 2004) . These findings agree with ours, indicating that applying selection pressure for FCR or FCE would likely lead to an increase in mature size, and thus an increase in maintenance energy and feed requirements.
The feeding behavior of animals may be altered by physical activity which thus influences total energy expenditure and feed efficiency (SUSENBETH et al., 1998) . With respect to the ingestive behavior data, less efficient calves (high RFI) consumed more feed, therefore, spent more time in feeding, rumination, and chewing compared to more efficient calves (high RFI). Similarly, KELLY et al. (2010) found that low RFI animals spent less time and energy in this activity and more time in sedentary activities, possibly saving energy that is directed towards weight gain. A shorter bunk visit duration in low RFI animals than high RFI animals was also noted by NKRUMAH et al. (2006 ), LANCASTER et al. (2009 . High-efficiency animals used less energy in the physiological processes involved in maintenance, resulting in more net energy available for tissue accretion (CASTRO BULLE et al., 2007) . KELLY et al. (2014) observed positive relationships between feeding events and DMI (r = 0.31), ADG (r = 0.28), and RFI (r = 0.24), but not with the gain: feed ratio in finishing heifers. Similarly, the present study observed a trend toward a positive relationship of RFI with both the number of daily feeding events and the eating rate. McGEE et al. (2014 ), NKRUMAH et al. (2007 ), and LANCASTER et al. (2009 reported a moderate correlation between RFI and bunk visit frequency (0.29), and KAYSER and HILL (2013) found a moderate correlation between RFI and DMI per visit in Angus (0.52) and Hereford (0.36) cattle.
RFI and plasma metabolites. The systemic concentrations of key blood metabolites associated with feed intake, growth, nutrient partitioning and utilization are potential physiological markers of feed efficiency NKRUMAH et al., 2007) and may explain, in part, the biological variations in RFI.
IGF-1, a hormone secreted by the liver which can influence growth and feed efficiency, has been genetically (MOORE et al., 2005) and phenotypically (BROWN et al., 2004) correlated with RFI and might prove useful for feed efficiency traits in growing cattle (JOHNSTON et al., 2002) . With respect to the blood concentrations of IGF-1, significant differences were observed among RFI classes, with higher concentrations of this hormone in animals with low RFI (KELLY et al., 2011 ). SHARMA et al. (2016 observed higher IGF-1 concentrations in low RFI Murrah buffalo calves compared to high RFI calves. BRANCO et al. (2013) and DUDI and DATT (2015) also reported higher IGF-1 concentrations in the low RFI group than the high RFI group. The negative correlation between IGF-1 and RFI shows that the more efficient calves had higher concentrations of IGF-1 since these calves deposited more lean mass than less efficient calves (WALKER et al., 2010) . IGF-1 stimulates protein synthesis in muscle by promoting somatic cell growth (DAFTARY and GORE, 2005) .
The growth hormone increases the synthesis of muscle tissue and frequently reduces deposition of body fat, and also inhibits insulin-induced suppression of hepatic gluconeogenesis (CLEMMONS, 2004) . This causes a measurable increase in growth rate and improved feed efficiency in low RFI animals. In the findings of the present study, Sahiwal calves with low RFI showed higher plasma concentrations of growth hormone compared to high RFI calves. Similar to the findings of the present study, SHARMA et al. (2016) observed higher GH concentrations in low RFI Murrah buffalo calves compared to high RFI calves, over the course of a 99 d trial period. In contrast, a similar concentration of GH was reported by DUDI and DATT (2015) in Sahiwal calves, and by XI and WANG (2016) in lactating Holstein cows of both low and high RFI groups.
The plasma metabolites, such as total protein, albumin, PUN and creatinine, were used as biomarkers of body protein metabolism and muscle accretion in calves in the present study. The results of plasma total protein and albumin concentration in the current study confirm previous findings for Murrah buffalo calves (SHARMA et al., 2016) . The plasma total protein levels were similar in low and high RFI animals which are in agreement with a study of DUDI and DATT (2015) conducted in female Sahiwal calves. NASCIMENTO et al. (2015) observed similar plasma total protein concentration in low (63.80 g/L), medium (64.20 g/L) and high (63.80 g/L) RFI Nellore cattle over the period of an 84 day study. LAWRENCE et al. (2012) , who evaluated blood variables in heifers of different RFI classes, also reported no differences in the blood concentrations of total protein. However, PAULA et al. (2013) in lamb, BEZERRA et al. (2013) in steers, and SHARMA et al. (2014) in calves, reported higher concentrations of plasma total protein for groups with a high RFI. PAULA et al. (2013) detected differences in the serum albumin levels among the RFI efficiency classes, with the most efficient animals showing the lowest concentrations, which could be due to efficient protein deposition in low RFI animals.
Serum urea concentration is a marker of protein intake and digestion, degradation of protein sources, and energy availability in the rumen (ROSELER et al., 1993) . Animals presenting lower serum urea concentrations are probably more efficient in dietary protein and energy utilization (HASSAN and SAEED, 2012) . Variations in the rate of protein degradation among low and high RFI animals might be another reason for the higher PUN concentration in high RFI calves. THEIS (2002) observed higher concentrations of BUN in less efficient steers (high RFI), which supports the findings of our study. in Sahiwal calves, KELLY et al. (2014) in Limousin × Friesian heifers, DUDI and DUTT (2015) in Murrah buffalo calves and NASCIMENTO et al. (2015) in Nellore cattle also observed higher BUN concentrations in the low RFI group compared to the high RFI group. This may be ascribed to the greater protein intake in high RFI animals, a greater rate of body protein degradation, or deviations in the supply of AA, due in part to variations in the efficiency of microbial protein production in the rumen (KAHN et al., 2000) .
Serum creatinine is another indicator of protein metabolism in ruminants, and has been proposed as a marker for muscle mass in a steady state (CALDEIRA et al., 2007) . Since creatinine is a non-protein nitrogenous substance produced during muscle metabolism, its concentration in blood should not be influenced by age or sex (GREGORY et al., 1999) . Plasma creatinine level was negatively associated with fat depth (CLARKE et al., 1996) and was found to be negatively correlated with RFI (HERD and ARTHUR, 2009 ). Similar to the findings of the present study, PAULA et al. (2013) and observed a negative correlation (r = -0.45) between RFI and the mean concentration of serum creatinine, and a comparison of the two RFI groups showed significant differences for this variable. However, no differences in the levels of blood creatinine between the low and high RFI groups were observed by SHARMA et al. (2016) and BOSE et al. (2014) in Murrah buffalo calves, or by NASCIMENTO et al. (2015) in Nellore cattle.
In the present study, plasma metabolites, such as glucose, cholesterol, triglycerides, NEFA and BHBA were used as biomarkers lipid and energy metabolism. No differences in plasma glucose concentrations between low and high RFI calves is in accordance with the findings of DUDI and DATT (2015) . NASCIMENTO et al. (2015) in Nellore cattle also reported similar blood glucose levels in low, medium and high RFI groups. SHARMA et al. (2016) found no association between RFI and blood glucose concentration, and observed similar glucose concentrations in low, medium and high RFI Sahiwal calves. LAWRENCE et al. (2012) and KELLY et al. (2010) , investigating the sires and heifers of taurine breeds, also reported similar plasma glucose concentrations in all RFI classes. The glucose level in experimental calves was within normal physiological range in the report by SHARMA et al. (2014) in Sahiwal calves.
Differences in blood cholesterol concentration between low and high RFI cattle have not been well established, and limited literature is available on this aspect. In low and high RFI Ile de France lambs, PAULA et al. (2013) found similar blood cholesterol and triglycerides levels in both groups. However, RAUW et al. (2007) noted a weak negative correlation in pigs (r = -0.09) between RFI and blood cholesterol levels. LAWRENCE et al. (2012) , who evaluated blood variables in heifers of different RFI groups, observed similar blood concentrations of triglycerides in low and high RFI groups. The lower serum triglyceride concentrations observed in low RFI Sahiwal calves, compared to high RFI calves, are probably due to the lower deposition of fat in the carcass, since more efficient calves deposit more lean muscle mass (NASCIMENTO et al., 2015) .
BHBA and NEFA are the product of tissue fatty acid catabolism, and systemic concentrations increase in proportion to the degree of fat mobilization. These two biomarkers are used to access the energy balance of animals. In this study, levels of BHBA and NEFA were within physiological range, as observed by KUMAR et al. (2013) , showing that the experimental calves were in a positive energy balance. Limited information is available regarding the circulatory concentrations of BHBA and NEFA in low and high RFI calves. KELLY et al. (2014) found a positive association of BHBA with DMI (r = 0.24) and RFI (r = 0.40), whereas NEFA concentrations were unrelated to intake, growth or RFI in finishing heifers.
The plasma concentrations of Ca and P were similar in calves of both groups. No information is available regarding the association of blood concentrations of Ca and P with RFI.

Conclusion
The results presented have identified many differences in the performance and metabolism of Sahiwal calves following selection for low and high RFI. When considering Sahiwal calves with low and high RFI, the low RFI calves are more efficient because they eat less feed, spent less time in feeding events, and require less metabolizable energy for body maintenance. Significant variations in RFI exist in plasma concentrations of albumin, globulin, PUN, creatinine, triglycerides, IGF-1 and GH. The findings of blood metabolites suggest the relationship of RFI with body metabolism, and should provide a basis for further research to better characterize the relationships between these factors, and to identify physiological indicators that could be predictive of RFI. Eventually selection of Sahiwal calves with low RFI will therefore be more economical than calves with high RFI, as low RFI calves consume less feed while growing at a similar rate.
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